The concrete industry is an important source of CO 2 gas emissions. The cement used in the design of concrete is the result of a chemical process linked to the decarbonation of limestone conducted at high temperature and results in a significant release of carbon dioxide. Under the project EcoBéton (Green concrete) funded by the French National Research Agency (ANR), concrete mixtures have been designed with a low cement quantity, by replacing cement by mineral additions i.e., blast-furnace slag, fly ash or limestone fillers. Replacement of cement by other materials at high percentages generally lowers the early age strength of the resulting concrete. To cope with this problem, an optimisation method for mix design of concrete using Bolomey's law has been used. Following the encouraging results obtained from mortar, a series of tests on concretes with various substitution percentages were carried out to validate the optimisation method.
Introduction
Countries that have ratified the Kyoto Protocol are committed to reduce their emissions of carbon dioxide, one of the major greenhouse gases. Carbon dioxide is a naturally occurring greenhouse gas. The reduction of carbon dioxide emitted during the production of cement is an important issue for the construction industry to participate in sustainable development [1] . Cement manufacturing includes decarbonation of limestone at high temperature and requires great energy. Despite the improving energy efficiency of the furnaces, the chemical emissions are virtually irreducible. One of the solutions proposed by engineers and scientists from the construction industry is to replace clinker in cement with secondary raw materials, which can also improve the characteristics of cement and increase the durability of concrete. In this way, reduction of CO 2 emissions is being achieved with some basic benefits of decreasing the consumption of natural raw materials, thermal and electric energy [2] . This replacement would be during the mixing of concrete rather than during the manufacturing of cement as the blended cements have relatively low replacement levels. Several studies were conducted on such types of concrete [3] [4] [5] [6] , but results do not always conform to standards. Current European Standards (EN 206-1) restrict the use of mineral additions to low proportions during the manufacture of concrete [7] . The standards provide the possibility for the engineer to design a concrete mixture to prove its equivalence in performance compared to a concrete meeting the requirements of the standards [8] .
Use of these mineral additions in high percentages as a replacement for cement can result in a concrete with lower compressive strength. But if these mineral additives are used in combination with superplasticizers, then economical concretes can be obtained with enhanced durability and CO 2 emissions reductions [9] . These mineral additions are added in concrete as supplementary cementitious materials and the benefits of using these materials in terms of workability are well established [9] [10] [11] [12] . Several studies have been carried out to determine mechanical properties, thermal properties, transport mechanisms and the influence of mineral additions on the durability of blended concrete [13] [14] [15] [16] [17] [18] .
The suitability of using these mineral additions is well established in the world of concrete, and at the same time if some optimisation of the concrete mixes with mineral additions can be done using some empirical relations, then enhanced performance of the resulting concrete can be achieved. From an economic point of view, use of industrial by-products at large scale is beneficial for sustainable development [19] .
Early age strength is a major factor to be addressed while using the mineral additions, as the formwork removal requires a specific strength of concrete to be achieved. Low early age strength has been observed using slag and fly ash additions. In this article, we have suggested a method to optimise the composition of concrete mixtures when using mineral additions keeping in mind these strength requirements and based upon the activation of mineral additions. The main purpose of our approach is to optimise the concrete mixture composition with a large substitution of cement by mineral addition and then optimisation of the quantity of water in the mixture to produce the desired early age strength. During this study, first mortar samples were examined in a preliminary study to assess the coefficient of activity for different types of mineral additions and then tests were carried out for concretes as well, to validate the approach. Results of this study should make it possible to promote the use of mineral additions in large quantities, directly in the manufacturing of concrete.
Experimental program

Materials
ordinary Portland cement (CEM I 52.5N CE CP2 NF) was used for both mortar and concrete mixes. The ground granulated blast-furnace slag (GGBS) came from a single batch. Fly ash came from a single batch. Chemical and physical properties of the constituents are detailed in Table 1 . The fine aggregate for the mortars was a natural sand of granular class 0-2. Moist sand was used and corrections were made to adjust the exact water quantity. The coarse aggregate of sizes 10/14 and 6/10 mm came from a local gravel provider. The fine aggregate used in concrete was sea sand of granular class 0/4 ( Table 2 ). In optimised mixtures, a polycarboxylatebased superplasticising admixture (Sp1) was used (Table 3) .
Mixture proportioning method
The task of concrete mixture optimisation is to optimise the concrete constituents to get the best possible output in terms of performance. This is done by optimising the mixture compositions by estimating different concrete compositions with different combinations of constituents and then to choose the best variants of these mixtures by comparing their mechanical properties, as well as their durability. Different methods exist for the optimisation of concrete compositions which are based upon equations and models [15, 20, 21] taking into account the characteristics of constituents and the desired properties of the concrete. The characteristics of the constituents are either measured or calculated by empirical formulas. The method of optimisation proposed in this paper is based upon Bolomey's equation and the data determined by the various tests carried out at the preliminary stage.
In its simplest form, concrete is a mixture of paste and aggregates. The paste, composed of Portland cement and water, coats the surface of the fine and coarse aggregates. Through the chemical reactions of hydration, the paste hardens and gains strength to form the rock-like mass known as concrete. If the concrete has some additional materials in it, then it requires some special consideration which depends upon strength development along with the rheological properties. Rational methods of incorporating additions in concrete have been proposed, considering the fact that the two concretes (with or without mineral additives) can be used to reach the same strength at a given age by adjusting their individual water-to-binder ratios (w/b) [22] (where binder is composed of cement and mineral additions).
To improve the performance of a concrete mixture containing mineral additions, an optimisation method was introduced. This empirical method consists of certain equations to be solved for the determination of different parameters (e.g. quantities of water, cement, substitution percentage, the water-to-cement ratio (w/c)) for several different compositions. Because in this study, the mineral addition replacement level is very high, a low compressive strength is produced at early ages. To increase the early age strength, w/b was reduced. Based on this optimisation method, by estimating the quantities of materials required for 1 m 3 of concrete, a trial batch based on these quantities can be made. If adjustments are necessary, further batches should be adjusted by keeping the volume of paste constant and adjusting the superplasticizer dose to produce the desired slump. For all types of mix design problems, mathematically there is always a system of equations. The mix design task can be formulated with five equations for the five unknowns i.e. V G , V S , V C , V A and V W (volume of aggregate, sand, cement, addition and water respectively, for a volume of 1 m 3 of concrete) neglecting the volume of superplasticizer.
where x, y and V P (volume of paste) are the granular proportions, the substitution level of cement by addition and the volume of paste respectively, and x and V P may be deduced from a reference mixture. The substitution levels were fixed at 25%, 50% and 75%, respectively. The last equation should link the compressive strength and the proportions of the paste. In the literature, one can find many relations linking proportions and strength, for example, a modified Feret relation [23] . In our study, it was decided to apply Bolomey's equation [24] : 
. Mortars
Two series of mortar mixtures were studied. The first series (Table 4) were designed with constant volume of paste and a constant water content. The second series (Table 5) were designed resolving the system of Eqs. (1)- (5) for a desired compressive strength f c to be achieved at 48 h, from the values of K B and v B deduced from the first series.
The principle of the first series of mortar compositions was to maintain the volume of paste constant, as well as the volume of water. Cement was replaced by mineral additions i.e. GGBS and fly ash by simple volume replacement. Eight different mortar mixtures proportions were tested, including a reference mortar with ordinary Portland cement (OPC), four mixtures using GGBS with 25%, 50%, 75% and 85% replacement ratios and three mixture using fly ash with 25%, 50% and 75% replacement ratios. Table 4 provides the mixture compositions of the mortars that were tested. Materials were added in the order: cement/GGBS or fly ash, sand and water. The mortar was mixed for 2.5 min and then cast into 40 Â 40 Â 160 mm 3 moulds. Slump values were measured using the mini cone of Abrams (h = 150 mm, D = 100 mm, d = 50 mm).
The slump values of fresh mortar prepared using GGBS and fly ash are given in Table 4 . Use of GGBS has improved the workability of the mortar with respect to the mortar containing only Portland cement. Mixtures with 50% and 75% additions gave maximum slump values which can be taken as threshold values of GGBS concerning the rheological properties. While in the case of fly ash, the slump value decreased with increasing proportion of fly ash level.
Generally it is indicated that use of fly ash improves workability, but according to Kobuku [25] it is not possible to ascertain the reduction in unit water content to fly ash ratios of various countries. Li concluded that the mean particle size of fly ash significantly influences the flow of mortars with incorporation of fly ash [26] . The specimens were consolidated on a vibrating table, covered by a polyethylene film, and stored at 20°C and 95% relative humidity. The specimens were demoulded after 23 h and put into a curing tank until the time of test.
The proportions of the second series of mortar mixtures were optimised to improve early age strength. The proportions of the paste were calculated using Bolomey's equation for f c = 15 MPa at 2 days. The volume of paste was kept constant. Superplasticizer content was adjusted based on slump tests. Mortar mixtures with a higher level of GGBS (50% and 75%) and fly ash (50%) were optimised by reducing w/b, details of which are provided in Table 5 .
Concrete
Two series of concrete mixtures were designed. Table 6 gives the proportions of the first series of concrete mixtures. Optimisation was done to reach a compressive strength of 10 MPa at 48 h, using the coefficient of activity v B deduced from mortars. The second series (Table 7) was designed using coefficients K B and v B deduced from the first series of concrete results and optimising the use of chemical admixtures to improve the early age strength of fly ash concrete. The concrete mixtures of the first series (Table 6) The concrete mixtures of the second series (incorporating 58% of fly ash, Table 7 ) were designed from a mixture using the same mixing conditions and superplasticizer Sp1 of the first series. The coefficient of activity v B was assumed to be equal to 0.18 and K B equal to 13.4, from tests on the first series of concrete (Section 4). The optimisation was done to reach a strength of 14 MPa at 48 h. Concrete mixtures (Table 7) were tested under five different mixing conditions including the use of different superplasticizers (three types; Sp1, Sp2 and Sp3 -described in Table 3 ), the use of hot water (Table 7) during fabrication of the concrete and use of a micro-filler replacing a part of the fly ash. An air entraining admixture designated as AER5 was also used. Sp1 is a polycarboxylate-based superplasticising admixture, Sp2 is also polycarboxylate-based but is used by the precast concrete industry and Sp3 is designed so that the orientation of the molecules on the cement grains doesn't delay hydration. The main ingredients of the concrete i.e. cement, sand, gravel and fly ash, were of the same type as in the previous concrete mixtures containing fly ash.
Materials were added in the order: cement/GGBS or fly ash, sand and gravel. After mixing dry for 30 s, water was added for the next 30 s, then after mixing for 1 min; superplasticizer was added and left to be mixed for the next 90 s. Slump values were measured using the Abrams cone. The concrete was cast into 11 Â 22 cm cylinders. The specimens were consolidated using a pneumatic drive vibrator before being stored at 20°C and 95% relative humidity. The specimens were demoulded after 23 h and were put into the curing tank maintained at 20°C until the time of test.
Experimental results
Determination of coefficient of activity v B from mortar
The method of optimisation is based upon the calculation of the coefficient of activity of a mineral addition (based upon the exper- a w net = w added + w aggregate À w absorption. 
Further, one can deduce the value of v B from above equation as given below
where p is the substitution rate of cement by mineral addition on a mass basis and f P the respective designed strength of the mortar.
Figs. 1 and 2 present the strength development of different mortar mixtures containing GGBS and fly ash, respectively. Concrete mixtures made of cements blended with GGBS show low strength at early age while exhibiting equal or more strength at later stages due to the fact that GGBS has a low degree of hydration at early age with respect to that of Portland cement. But this behaviour also depends upon the GGBS level in the concrete mixture. This difference of strength may remain until later stages for the GGBS levels of 75% or 85% replacement. But a very high improvement in relative strength at 7 days can be noticed with reference to 2 day strength.
Slow development of strength in fly ash concrete can be explained by a lower degree of fly ash reaction, when used in combination with cement. Studies [27] [28] [29] [30] have shown that high-volume fly ash paste achieved a lower degree of fly ash reaction; even more than 80% of the fly ash still remained unreacted after 90 days of curing in the pastes with 50% fly ash, which is obviously due to the slow pozzolanic reaction of fly ash.
Figs. 3 and 4 show the coefficient of activity calculated for GGBS and fly ash respectively using Bolomey's equation for different level of substitutions. The results show that the coefficient of activity varies for each mixture at different age and cannot be taken as a constant number for all levels of additions. According to French standard NF EN 206-1, the maximum substitution rate of addition to be taken into account to calculate the equivalent binder value is limited to 30% and the coefficient of activity k has been regarded as a constant value i.e., 0.9 for slag, 0.4-0.6 for fly ash and 0.25 for limestone filler. It is noticeable that the coefficient of activity depends upon both the time, substitution type and substitution rate, while the current standards consider it as a constant when calculating the equivalent binder content. The coefficient of activity for various levels of mineral additions at different ages is quite distinct, as mixtures with higher levels of mineral additions show a lower coefficient of activity at early ages. 
Application of mixture proportioning method on mortar
Relative strength had been defined as the ratio of the strength of the mortar incorporating a mineral addition to the strength of the Portland cement mortar. The results of relative strength for different GGBS and fly ash levels (Fig. 5) show the very slow strength development at early ages. Early age strength appears to be the most important factor to prove the use of mineral additions in large quantities for the construction industry. In order to remove formwork and then continue further construction activity, a minimum strength of structural members is required. This difference of strength with reference to Portland cement induced an effort to optimise the mix design by reducing the water content, while increasing the strength. The proportions of the paste were calculated using Bolomey's equation for f c = 15 MPa at 2 days. Results show that the proposed optimisation has worked quite well under the given conditions, as the decrease in w/b led to a more dense formation and a hardening process that started earlier than normal ( Table 5) . As a consequence, improved early age strength was achieved, except for the 50% fly ash mixture optimised with a coefficient of activity v B = 0.3, whereas the 50% fly ash mortar optimised with a coefficient of activity v B = 0 reached 15 MPa. So the coefficient of activity of fly ash at 2 days would be closer to 0 (rather than 0.3). Non-optimised (Table 4 ) and optimised (Table  5 ) 50% fly ash mixtures are actually not so different. Some scattering of the results due to mixing conditions could explain the lower improvement of early age strength than predicted.
Application of mixture proportioning method on concrete
Strength evolution with respect to time is different for mortar and concrete, but the strength development in mortar is a good indication of strength development in concrete. So, the coefficient of activity v B measured from mortars was used as an input parameter to design the concrete mixtures, without any laborious preliminary tests on concrete.
For this purpose, concrete mixtures with different GGBS and fly ash levels were selected (Table 6 ). To compare the real benefits of this method, mixtures without any optimisation (simple replacement of cement with respective proportion of mineral additions) were also tested. Table 6 presents the compressive strengths obtained at early ages (24 and 48 h) for concrete mixtures containing GGBS and fly ash. Strength obtained at 48 h for the optimised concrete mixture is greater than or equal to the design strength of 10 MPa. Although they could not meet the strength possessed by the ordinary Portland cement, among the mixtures with mineral additions, 50% simple replacement had 2 MPa less strength at 2 days compared to 50% optimised. Even 75% of GGBS exceeded the design strength. The optimisation method developed is therefore satisfactory with respect to strength and sufficiently simple and robust for industrial applications.
Early age compressive strength
In the long term, concrete mixtures with GGBS have values very close to the concrete mixture with ordinary Portland cement (Fig. 6 ). The compositions with fly ash have a significantly lower compressive strength than the reference (Fig. 7) , but still greater than required by standards. For example, the minimum characteristic strength required by NF EN 206-1 for XC3-XC4 exposure classes is 25 MPa at 28 days.
Improvement of optimised mixture design for concrete containing fly ash
Experimental work and results showed the need for further investigation on the optimisation of strength of fly ash concrete. It was observed that the reduction in water content and use of superplasticizer were not enough to obtain the design strength for mixtures with the higher percentages of fly ash. The reduction in water content increased the viscosity of the concrete mixture, the volume of entrapped air and consequently the porosity. To improve the lower strength shown by some concretes with additions of fly ash, a series of concrete mixtures were studied to improve Age (days) Relative compressive strength Optimised 50% GGBS 50% GGBS Optimised 75% GGBS 75% GGBS Optimised 50% Fly ash B=0.3 Optimised 50% Fly ash B=0 50% Fly ash the compressive strength at early ages. Details of these concrete mixtures are shown in Table 7 .
Compressive strength development of these concrete mixtures containing fly ash is shown in Fig. 8 . Concrete mixture C1 is taken as the reference mixture. Use of superplasticizer type Sp2 did not significantly improve the properties of concrete. Concrete mixture C3 showed an improvement in fluidity of the concrete due to the use of hot water during fabrication, but on the other hand, it reduced the strength of the concrete. Concrete mixtures C4 and C5 showed higher strengths at early ages and also in the long term. But, C5 can be termed as a better option due to the use of a lower quantity of superplasticizer. Addition of micro-filler has improved not only the workability of the concrete, but the strength as well. Micro-fillers do not participate in the chemical reactions, but their better performance can be attributed to their action as an accelerator during early cement hydration, as they will provide nucleation sites for the hydration of the C 3 S and C 2 S, shortening the dormant stage and accelerating the hydration reactions [31] . However, the use of micro-fillers needs further investigation taking into account its proportional use and durability factors.
Discussion
The optimisation method is principally based upon the fact that strength increases with the reduction of w/b above a threshold value. Cement requires a minimum water content to hydrate. The main hydration products are an amorphous hydrated calcium silicate of variable composition, usually given the symbol C-S-H and Ca(OH) 2 . Theoretically, a w/c of 0.24 should be sufficient to fully hydrate cement based on the chemically bound water [32] , but a w/c of about 0.38 is necessary to obtain full hydration as the hydration reaction is expansive and the C-S-H absorbs (gel) water as it grows [32] [33] [34] . Water added above this w/c is required to have a more workable concrete. In the concrete mixtures, the water content was reduced, but to improve the workability of concrete, superplasticizers were added. The workability and strength also depends upon the viscosity of the mixture. De Larrard [20] has proposed a model to predict the viscosity of a concrete mixture, which shows the dependence of viscosity on water content. According to his model, viscosity is expressed as exp(a Á u/u o + b), where u is the total concentration of solid materials i.e., (1000 À w)/1000, and u o is the maximum concentration of solid materials. Hence, there should be an intermediate approach between the fact that reducing the water content increases the viscosity and keeping the water content constant requires an augmentation in the cement content to increase the strength, which have direct impacts on economy and ecology. As an intermediate approach, we started with a concrete composition based upon a relatively high volume of paste with a cement content of 350 kg/m 3 (Table 6 ), compared to the ordinary concrete compositions being used in the national construction industry. In mortars, K B used for the optimised mixture composition was the same as that used to calculate the v B of the additions, which allows calculating the effective v B from the resulting mortar strengths of the optimised compositions (Table 5) In concrete, K B used for the optimised mixture composition was not the same as that used to calculate the v B of the additions in mortars. So, validation of the method can only be made through the determination of a common coefficient K B from measured strengths and assumed coefficients of activity (Table 8) were chosen to improve early age strength f c design = 12 MPa of the second series of 58% fly ash concretes ( Table 7) . Use of hot water caused a decrease in the effective coefficient of activity v B .
Conversely, the use of superplasticizer Sp3 and micro-filler resulted in an increase in early age strength. Superplasticizer Sp3 has a higher dry extract quantity than Sp1 and Sp2, but its dosage is lower and the addition of the micro-filler leads to a significantly lower Sp1 content. So the strengths measured on the C4 and C5 concretes suggest that the influence of chemical admixtures comes from enhanced workability which leads to a denser microstructure, rather than from a direct increase in the chemical reactivity of the cementitious materials.
Conclusions
The preliminary results of this ongoing study show that using mineral additions in large replacements can lead to good compressive strength even at early age. Our optimisation method is sufficiently simple and robust for industrial applications, because the main parameter to determine is the coefficient of activity of the mineral addition used, and it can be obtained easily using mortars.
The French standards on ready-mixed concrete limit the inclusion of minerals additions in concrete to be taken in account for the calculation of equivalent binder content and consider the coefficient of activity of the additions as a constant value. According to the results of this study, it appears that this coefficient depends strongly on the concrete age, type of addition, rate of substitution of cement and w/b.
The method proposed in this paper does not allow the user to take into account the dependency of the coefficient of activity upon w/b. Hence, it resulted in some approximations and overestimations of v B for lower w/b.
Mixtures with high replacement levels often have a relatively high proportion of superplasticizers and they are characterized by a viscous concrete in the fresh state. A moderate approach can be followed; instead of considering the volume of paste constant (equal to that of a reference mix-approach applied here), take the water as a constant quantity (same system of equations by taking V W constant instead of V P ); however it becomes costly due to the increase in binder volume. Improvements can be made by superplasticizers or activators of the latest generation, to be used in smaller proportion, which do not delay the setting.
Although the results have proven this approach to mixture design feasible, a comprehensive optimisation process must take into account the overall performance of a concrete, especially its shrinkage and its tendency to cracking and durability in defined exposure conditions. 
